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Abstract

Trimethyllysine (Kme3) reader proteins are targets for inhibition due to their role in mediating 

gene expression. Although all such reader proteins bind Kme3 in an aromatic cage, the driving 

force for binding may differ; some readers exhibit evidence for cation–π interactions whereas 

others do not. We report a general unnatural amino acid mutagenesis approach to quantify the 

contribution of individual tyrosines to cation binding using the HP1 chromodomain as a model 

system. We demonstrate that two tyrosines (Y24 and Y48) bind to a Kme3-histone tail peptide via 

cation–π interactions, but linear free energy trends suggest they do not contribute equally to 

binding. X-ray structures and computational analysis suggest that the distance and degree of 

contact between Tyr residues and Kme3 plays an important role in tuning cation–π-mediated 

Kme3 recognition. Although cation–π interactions have been studied in a number of proteins, this 

work is the first to utilize direct binding assays, X-ray crystallography, and modeling, to pinpoint 

factors that influence the magnitude of the individual cation–π interactions.

Lysine methylation plays a critical role in the regulation of gene expression by recruiting 

proteins involved in chromatin remodeling.1,2 Methyllysine reader proteins discriminate 

both the degree (Kmen, n = 0–3) and position of methylation on histone tails, triggering 

downstream processes that control gene function. Dysregulation of Kmen formation and 

recognition is associated with varied disease states including cancer.3–5Accordingly, Kmen 

reader proteins are emerging as important therapeutic targets.6

Reader proteins that recognize trimethyllysine (Kme3) contain an “aromatic cage” 

consisting of 2–4 aromatic residues that bind the cationic ammonium.2 Although only a few 
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studies have probed the mechanism of Kme3 recognition, cation–π interactions have been 

shown to play a key role in some Kme3 readers.7,8 Due to the importance of Kme3 

recognition in regulating gene expression, as well as efforts to develop inhibitors of this 

interaction,6,9 there is a need for methods that provide detailed insight into the mechanisms 

by which reader proteins bind and discriminate Kmen adducts. We report a general, 

unnatural amino acid (UAA)-based approach to examine the contribution of individual Tyr 

residues toward the recognition of Kme3-containing histone tail peptides. Coupled with 

computational studies, we show that two Tyr residues in a model reader protein contribute 

differentially to cation–π-mediated binding of Kme3.

Initial investigations into cation–π interactions in Kme3 reader proteins were performed 

using the chromodomain of heterochromatin protein 1 (HP1), a model reader from 

Drosophila melanogaster that binds to K9me3 on the tail of histone H3, leading to epigenetic 

silencing.11 The binding pocket is composed of two Tyr residues (Y24 and Y48, Figure 1) 

and one Trp residue (W45).12 It has been shown that mutation of any of these aromatic 

residues to Ala significantly reduces binding to Kme3.12 Furthermore, the importance of the 

cation has been demonstrated by a reduced affinity of >2 kcal/mol for a histone peptide 

containing a neutral Kme3 isostere.7 As HP1 has been extensively characterized, it provides 

an excellent model system for detailed mechanistic studies of cation–π interactions in 

methyllysine reader proteins.

Pioneering studies by Dougherty and co-workers on cationic-ligand gated ion channels 

elucidated the contribution of “aromatic cage” residues to cation–π interactions via 

replacement with fluorinated aromatic amino acid isosteres. Residues involved in cation–π 
interactions showed attenuated ion channel activity with increasing fluorination and a linear 

free energy relationship (LFER) between the log of activity and calculated cation–π 
strength.13 This approach, however, makes use of stoichiometric UAA-suppressor tRNAs, 

which restrict UAA-protein yields.14,15 Consequently, such investigations have been limited 

to systems that can be studied via single channel or single cell activity assays.13–15 Using 

this method, direct measurements of protein–ligand interactions (e.g., Ka and structural 

investigations have not been shown.

Genetic encoding via orthogonal tRNA/tRNA synthetase pairs permits the expression and 

purification of UAA-proteins in high yield, a feature that we envisioned would enable direct 

measurements of reader protein-peptide binding interactions and structure determination 

efforts. For example, Roberts and co-workers have confirmed the presence of multiple 

tyrosine-mediated cation–π interactions between phosphatidylcholine and amphitrophic 

phosphatidylinositol-specific phospholipase C (PI-PLC) via the genetic incorporation of 

pentafluorophyenyalanine or 3,5-difluorotyrosine.16 Moreover, this work permitted 

structural characterization of an intraprotein cationπ interaction between a Tyr residue and a 

positively charged histidine. Nevertheless, isosteric fluorinated amino acids are difficult 

targets for genetic incorporation due to their similar size and shape with respect to canonical 

amino acids. Accordingly, only a limited number of highly fluorinated isosteres have been 

shown to be selectively incorporated into proteins, precluding more detailed LFER 

investigations.17–20 As an alternative approach, a large number of p-substituted Phe 

derivatives bearing electron-withdrawing or -donating groups have been incorporated into 
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proteins using this methodology (Figure 1B,C).21–25 In light of the recognized role of 

substituent effects in tuning cation–π interactions, we hypothesized that UAA-Phes might 

provide a convenient alternative for measuring cation–π interactions via LFER analysis.

We chose to replace each tyrosine residue in the HP1 aromatic cage (Tyr24 and Tyr48) with 

p-substituted Phe derivatives because the p-hydroxyl projects into solvent and substitutions 

at this position were least likely to interfere with the binding of Kme3 peptides (Figure 1). 

Accordingly, we chose a series of six amino acids possessing substituents that span a large 

range of electrostatic potential (R = CH3, H, OH, CF3, CN, NO2, Figure 1C and Table S1), 

for incorporation into HP1. Although tRNA/tRNA synthetase pairs have been evolved for 

each UAA,21,23,26–28 we exploited a single tRNA synthetase (pCNPheRS) that was evolved 

for the recognition of pCNPhe (Figure 1C), but possesses a particularly broad substrate 

scope.26

To incorporate UAAs into HP1, mutants containing a TAG stop codon in place of tyrosine 

codons at positions 24 or 48 were cloned into a pET expression system and paired with a 

single accessory plasmid (pUltra-pCNPheRS) that contains the orthogonal tRNA/tRNA 

synthetase pair.30 Expressions in the absence of amino acid yielded little to no HP1; 

however, addition of 5–20 mM pCNPhe, pNO2Phe, pCF3Phe, or pCH3Phe led to high levels 

of UAA containing protein (Figure S1). Although pCNPheRS has been shown to incorporate 

CN- and NO2-substituted Phe,26 to our knowledge this is the first demonstration of 

promiscuous pCNPheRS-mediated incorporation of pCF3Phe, and pCH3Phe. UAA-

incorporation was confirmed by ESI-LCMS, and canonical amino acid contamination was 

not detected (Tables S2–S5, Figures S2–S15). Circular dichroism showed UAA-mutations 

did not affect folding of HP1 (Figure S16). We note that Y24pCNPhe was poorly behaved at 

the high concentrations necessary for ITC, and thus we were unable to obtain reliable 

binding data for this mutant.

The binding constants between each HP1-UAA variant and an H3K9me3 peptide (amino 

acids 1–15) were measured using ITC (Table S16, Figure S17). When the free energy of 

binding (ΔGb) is plotted against calculated cation–π binding energies based on gas phase 

interactions of substituted benzene with Na+,10 a LFER is observed (Figure 2A), revealing 

the presence of a tunable cation–π interaction at each position. High correlations were also 

observed when plotted against other methods that have been used to calculate cation–π 
energies (Figure S18). Intriguingly, comparison of the relationship between ΔGb and 

calculated cation–π binding energies (Figure 2A) suggests a difference in magnitude of the 

effect at the two Tyr positions in which Tyr24 participates in a stronger cation–π interaction 

with Kme3 than Tyr48.

To support our observation that changes in binding affinity result from modification of the 

cation—π interaction, the data were also plotted against polarizability29 (Figure 2B) and log 

P (Figure 2C, see Supporting information) to observe contributions of polarizability (van der 

Waals (VDW) interactions) and hydrophobicity to binding, respectively. A weak negative 

correlation between binding affinity and polarizability was observed. Increased polarizability 

of a substituent leads to a greater ability to participate in VDW interactions; if VDW 

interactions were contributing significantly, binding affinities would be expected to increase 
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as this parameter increases, contrary to the relationship observed here. Log P is based on 

octanol/water partition coefficients and is used as a measure of hydrophobicity. There is no 

significant correlation between ΔGb and log P. These results indicate that VDW interactions 

and the hydrophobic effect are not strong drivers of the observed substituent effects.

To ensure that changes in binding were not due to structural perturbations induced by the 

UAAs, X-ray crystal structures of two variants were determined. Because pNO2Phe and Phe 

have the largest and smallest p-substituents, and represent opposite extremes of calculated 

cation–π binding energies, these two structures should provide evidence as to whether 

changes in ligand binding result from unexpected conformational changes. Because 

mutations to Tyr24 show a more pronounced effect on binding, the Tyr24Phe and 

Tyr24pNO2Phe variants were crystallized, and their structures were determined to 1.52 and 

1.28 Å resolution, respectively (Table S7 and Figure S19). Changes in binding affinity do 

not appear to be the result of changes in protein structure as wild type, Tyr24Phe, and 

Tyr24pNO2Phe crystal structures overlay with an RMSD of less than 0.3 Å (Figure 1A, 

Figures S20 and S21), and the distances between Kme3 atoms and each phenyl ring do not 

significantly change (Figure S22).

Inspection of the X-ray structures provides a qualitative assessment of the differences in 

measured binding affinity upon UAA mutagenesis at Tyr24 and Tyr48 (Figure 3). Two 

methyl groups and the methylene of Kme3 make van der Waals contact with Tyr24 (<4.5 Å, 

Figure 3A,B), whereas only a single methyl group makes close contact with Tyr48 (Figure 

3C). Computational studies by Dougherty have predicted that a 3-point contact of NMe4 

with benzene is about 1.67-fold stronger when compared to a single methyl group in gas-

phase calculations.30 These calculations are consistent with our data in Figure 2, in which 

the slopes for Y24 and Y48 differ by a factor of 1.6.

To further support this observation, interaction energies (Eint) between Kme3 and Tyr24 or 

Tyr48 were calculated using geometries obtained from the wild type Kme3-bound HP1 

crystal structure (1KNE). Eint values were calculated at the M06/6-31G(d,p) level of theory 

(see SI), which has previously been shown to predict cation–π strength in good agreement 

with experimental gas-phase measurements for tetramethylammonium interactions with 

benzene.30 Calculated Eint values predict a stronger interaction with Kme3 for Tyr24 (Eint = 

−11.6 kcal/mol) when compared to Tyr48 (Eint = −6.9 kcal/mol; Figure 3B,C). Furthermore, 

calculations at the M06 level performed using the larger 6-311+G(d,p) basis set provided 

similar results (Tyr24-Eint = −11.0 kcal/mol; Tyr48-Eint = −7.2 kcal/mol). Our experimental 

results are consistent with both levels of theory, which predict that the magnitude of the 

substituent effect differs by a factor of 1.5 and 1.7, respectively.

In summary, we have developed a method for detailed mechanistic and structural 

investigations of cation–π interactions in proteins, which we have applied here to a 

methyllysine reader protein. This work provides a rare direct measurement of the electronic 

tunability of discrete cation–π binding interactions in aqueous solutions.31,32 Interestingly, 

though our data demonstrate that both Tyr24 and Tyr48 of HP1 contribute to Kme3 binding 

via a cation–π interaction, our combined experimental and computational results indicate 

that these positions do not participate to the same degree, with Y24 exhibiting a greater 
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influence on Kme3 binding. ITC binding analyses and X-ray crystal structures provide the 

first experimental data demonstrating that the distance and degree of contact influence the 

magnitude of the cation–π interaction, as had been predicted computationally.30 Few 

examples exist of different magnitudes of cation–π interactions within the same binding 

pocket, and these studies lack structural insight into the molecular basis of such differences.

As computational modeling has become a tool for more efficient drug design, this study also 

highlights the importance of accurately modeling cation–π interactions in therapeutic 

targets. The combined binding and structural information from this work provides an 

experimental benchmark for validating computational methods. Furthermore, as many 

methyllysine reader proteins share an aromatic cage motif in their binding pocket,2,33 this 

work suggests that differences in degree of contacts among reader proteins may be exploited 

to enhance selective inhibition. By understanding how a protein recognizes its natural 

substrate, we provide a new framework for the study and design of probes with the necessary 

affinity and selectivity for therapeutic use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Aromatic residues (Y24, Y48, and W45) in the HP1 Kme3-binding pocket complexed 

with Kme3-containing peptide. Wild type HP1 (green, PDB: 1KNE)11 has been overlaid 

with Y24pNO2Phe (cyan, PDB: 6AT0) and Y24F (purple, PDB: 6ASZ). (B) General 

structure of p-substituted phenylalanines. (C) The effect of R-groups on electrostatic surface 

potential (colored maps) and calculated cation–π binding energy (CπBE, kcal/mol) for 

substituted benzenes and Na+.10 Measured Kd values (μM) for HP1-UAA variants at 

positions 24 and 48, against a H3K9me3 peptide, are also provided. AA = amino acid 

abbreviations used in the text. n.d. = not determined.
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Figure 2. 
(A) Relationship between ΔGb of H3K9me3/HP1-UAA variant interactions and calculated 

gas-phase cation–π binding energies between C6H5R and Na+.10 Y24 mutants (blue): slope 

= −0.074, R2 = 0.94; Y48 mutants (red): slope = −0.048, R2 = 0.93. (B) Relationship 

between ΔGb and calculated polarizability.29 (C) Relationship between ΔGb and 

hydrophobicity parameter (log P). In each panel, the two data sets share the wild type (WT) 

point shown in black.
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Figure 3. 
(A) Measured distances between the center of Y24 and Y48 with respect to atoms on Kme3 

(PDB: 1KNE). Distances for Y24pNO2Phe and Y24F are provided in Figure S22. (B and C) 

Contact surface of Kme3 with Y24 (B) and Y48 (C) viewed normal to the plane of the ring. 

Kme3 atoms are colored as in panel A. Interaction energies (Eint) for Kme3 and each 

tyrosine are shown and were calculated by M06/6-31G(d,p) or (M06/6-311+G(d,p)).
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